SUMMARY The paper reviews recent advances in on-body antenna and propagation under a joint UK EPSRC research project between Quee Mary College, University of London and University of Birmingham. The study of on-body radio propagation has been extended by using variou small antennas. The effect of antenna size, gain and radiation patterns on on-body channel characteristics has been studied. A practical wearabl sensor antenna design is presented and it is demonstrated that a global sim ulation including sensor environment and human body is needed for ac curate antenna characterisation. A 3D animation design software, POSE 6 has been used together with XFDTD to predict the on-body path los variation due to changes in human postures and human motion. Finall a preliminary study on the feasibility of a diversity scheme in an on-bod environment has been carried out.
Introduction
There have been growing interests in body-centric wireless communications [1] due to their abundance applications, for example, in personal healthcare, smart home, personal entertainment and identification systems, space exploration and military etc. A generic concept of body-centric wireless communications may include scenarios which RF sensor nodes are placed in/on body. Antennas and propagation is the central part of body-centric wireless systems and plays an important role in the implementation of miniaturised, spectrum and power efficient RF sensor nodes and the integrity of in/on/off body communications. Of the aforementioned aspects, on-body antennas and propagation has its distinct properties due to the presence of human body. It has been found [2] , [14] that wearable antennas can suffer from reduced efficiency, radiation pattern fragmentation and variations in impedance at the feed. For on-body radio channels, main features such as shadowing effects, dynamic variation in path loss and time delay components make it different to characterise the channel behaviour. Previous studies [3] , [4] demonstrated preliminary measurement results based on classic antennas such as microstrip patch, monopole, wideband bowtie etc. It is noted that the on-body radio propagation is predominantly based on space waves, creeping waves and a combination of both. In this paper, we shall present Table 1 Antenna types used in study and their dimensions and free space characteristics at 2.4/2.44/2.48GHz. Table 2 Path loss for various on-body antenna pairs.
ficiency within the ISM band are presented with respect to distance from human body (1, 4 and 8mm) and also on antenna location on the body which includes left chest, right chest, left ear and left waist. Figure 2 presents the return loss of the printed dipole antenna when placed on the left side of the chest at various distances from the body. The results show detuning from free space resonance caused by changes in antenna effective length due to changes in effective permittivity as seen to the radiator. The resonance frequency detunes the most when the antenna is closer to the body. The return loss results of parasitic L antennas show slight detuning from free space resonance in comparison to the dipole case and this is due to the presence of the ground plane which partially shields the antenna from the human tissue. Figure 2 (b) shows the radiation patterns of the dipole antenna when placed on the left side of the chest and also on the left ear at 2.44GHz. The patterns illustrate the loss caused by the presence of the human body specifically the backward radiation and also the increased directivity at specific angles due to the body curvature. Table 1 lists the applied antenna types and their main parameters at 2.4, 2.44 and 2.48GHz when operating in free space. As expected, the conventional antennas demonstrate excellent performance. However, when size reduction is applied (as the case for parasitic L and wiggle antennas), antenna bandwidth (impedance bandwidth and hence radiation bandwidth) and radiation efficiency decrease due to the coupling between elements and the introduction of vias. This causes the radiated power to decrease rapidly therefore affecting efficiency due to additional loading impedance. All antennas suffer from reduced efficiency when placed on-body. Coupling between the on-body antenna pair is investigated by examining the communication link loss and the electric field distribution along the body surface in free space environment. . However, to our knowledge, no attempts have been made to characterise electromagnetic (EM) propagation around the human body when it is in motion. This is due to the difficulty of defining the human body in the postures involved in various activities. The geometry of the human body has a complex shape and consists of different layers (e.g. tissues), each of them having its own permittivity and conductivity. We have overcome the latter problem by using a homogeneous body model. The body shape has been determined using animation software [11] . Two different channels have been investigated and measurements have been carried out. The transmit antenna Tx was placed on the left belt while two receive antenna positions were investigated. The right ankle and right wrist have been considered, because in these positions the chan- It is first noted that there is a significant range between the maximum and minimum values in both the channels, indicating the importance of this study. The simulations and measurements agree within about 4 or 5dB in both channels.
Path Loss results and statistical parameters derived from the data show that, especially when measurements campaign are difficult to carry out, the use of an animation and electromagnetic software is a promising technique for characterization of on-body communication channels.
Antenna Diversity for On-Body Communication Systems
Recent new implementations apply to more complicated activities which the body movement is involved in and they require a larger quantity of data to be transferred with higher speed. Military and sport equipment for communications between wearable instruments and sensors give an example of this. The need for higher performance systems also suggests the use of multiple antenna systems in an on-body environment. Diversity is a well known technique used to reduce the fading effect due to a multi-path propagation channel, by using a multiple antenna system at the receiver. Two or more uncorrelated signals are received by the separate antennas and combined using a number of different techniques. At present, diversity is widely applied in receiving at base stations for mobile cellular systems and recent studies have been conducted on portable devices. In both previous applications, the base station antenna system, whether or not in a diversity configuration, is always fixed and the mobile unit moves in the propagation environment. In this case, the multi-path effect is mostly determined by the en- 
